The syntheses and crystal structures of H 2 -1,3-bdpb·MeOH, [Cu characterized by elemental and thermogravimetric analyses, variable temperature powder X-ray diffraction and IR-spectroscopy; and its porosity and magnetic properties are described in detail. CFA-5 shows a promising catalytic activity in the heterogeneously catalyzed aerobic oxidation of tetralin, which is compared with other catalytically active metal-organic frameworks.
Coordination frameworks assembled from Cu II ions and H 2 -1,3-bdpb ligands: X-ray and magneto structural investigations, and catalytic activity in the aerobic oxidation of tetralin † 
Introduction
In the last decade the major driving force for the continued interest in metal-organic frameworks (MOFs) has been the promising technical applications of these materials ranging from gas storage and separation, 1 drug delivery, 2 sensing 3 to electrochemistry. 4 The large specific surface areas of up to 7140 m 2 g −1 , 5 open pores with apertures of up to 98 Å, 6 the high thermal stability and a high volume density of active sites within the framework structures suggest a host of applications in the field of heterogeneous catalysis in particular.
1a,7
On searching for suitable MOF candidates for catalytic oxidation processes, copper-containing frameworks seem to be particularly interesting owing to the fact that this element is present in the active site of many metalloenzymes, such as copper-containing oxidases or oxygenases. 8 Biologically inspired MOF catalysts trying to mimic structural and functional aspects of these enzymes could be applied for wide-ranging synthetic applications in the oxidation of organic intermediates containing non-activated C-H-bonds. However, until now, only a few reports have appeared in the literature where Cu-MOFs were successfully applied as oxidation catalysts. In particular, the Cucatalyzed hydroxylation of phenol, 9 oxidation of trimethylsilyl enolates to α-hydroxy ketones, 10 allylic oxidation of cyclohexenes, 11 cross-dehydrogenative coupling reaction of ethers with 2-carbonyl-substituted phenols, 12 and oxidation of benzene derivatives and benzylic compounds have been described. 13 Some years ago we had started the development of Cu-containing MOF catalysts containing pyrazole ligands for the purpose of introducing oxygen functions into the C-H bonds of organic substrates. 14 Our previous studies on the reactivity of CFA-2 (a Cu(I)-containing MOF) toward molecular oxygen for instance have shown that this compound is stable during oxidation and reduction of the Cu ions, suggesting its usage in liquid-phase oxidation reactions. 
Results and discussion

Syntheses and characterization
H 2 -1,3-bdpb (1,3-bis(3,5-dimethyl-1H-pyrazol-4-yl)benzene) was synthesized according to the published procedure. 20 The compound CFA-5 was obtained as green hexagonal prism crystals ( Fig. 1 length. 23 The atomic coordinates and isotropic thermal parameters, selected bond lengths and angles are presented in Tables S3 and S4 (ESI †) , respectively. In the dodecanuclear coordination units found in [{Cu II - The compound CuCl(H 2 -1,3-bdpb) exhibits a layered structure in which the layers are shifted from each other by half of the b period (6.45 Å) (see Fig. S6b †) . The van der Waals interactions between CH 3 groups and weak hydrogen bonds are responsible for the observed crystal packing motif. The closest nonbonding distance between hydrogen atoms of the methyl groups from closely-packed molecules is equal to 2.67(1) Å, while N⋯Cl distance is equal to 3.25(2) Å. The atomic coordinates and isotropic thermal parameters, selected bond lengths and angles are presented in Tables S5 and S6 (ESI †) , respectively.
TGA and XRPD studies
The phase purity of CFA-5 was confirmed by XRPD measurement under ambient conditions. The experimental XRPD pattern is consistent with the simulated one as gleaned from the single crystal X-ray diffraction data, as shown in Fig. 3 . Differences in peak intensities are due to occluded solvent molecules.
In addition, the thermal stability of CFA-5 was determined by thermogravimetric (TG) and VTXRPD measurements. Prior to TG measurement, the sample was heated at 100°C under vacuum for 2 h in order to remove the occluded solvent molecules (MeOH). As shown in Fig. 4 , the thermogravimetric profile of CFA-5 under nitrogen exhibits a weight loss of 6.8% between 200 and 300°C corresponding to the loss of one MeOH molecule per formula unit. The next degradation step (−37.5%), in which a fraction of the organic ligand is lost, is observed between 300 and 600°C. According to the XRPD data presented in Fig. 5 , the sample is stable up to ca. 150°C. 
Physisorption results
CFA-5 exhibits permanent porosity, which is confirmed by argon gas sorption. Prior to sorption measurement, the crystalline sample was heated at 100°C under vacuum for 1 h. The argon adsorption isotherm follows type I behaviour, typical for microporous solids. The maximum uptake achieved at 77 K and p/p 0 = 0.99 is 252 cm 3 g −1 (Fig. 6) . The micropore volume obtained from the sorption isotherm is 0.2 cm 3 g −1 on applying the NLDFT method. 27 The same value was obtained using the de Boer t-method micropore analysis. 28 The adsorption data .
To evaluate the pore size distribution, the argon sorption isotherms sampled at 77 K were analyzed using non-local density functional theory (NLDFT) implementing a carbon equilibrium transition kernel for argon adsorption at 77 K based on a slit-pore model. 29 The distribution calculated by fitting the sorption data reveals micropores with a diameter of ca. 6.6 Å (Fig. 7 , which is slightly higher than the data from the crystal structure (5.86 Å)). CFA-5 becomes amorphous after prolonged heating at T > 250°C, as indicated by VTXRPD data. However, the Ar gas sorption measurement, performed for the sample heated at 250°C under vacuum for 1 h, shows that the material remains porous. The maximum uptake achieved at 77 K and p/p 0 = 0.99 is 192 cm 3 g −1 (Fig. 6) . The micropore volume obtained from the sorption isotherm is 0.1 cm 3 g −1 applying the NLDFT method. 27 The adsorption data were fitted to the BET equation
to give a surface area of 241 m 2 g −1 , the Langmuir surface area is equal to 278 m 2 g −1 . The pore size distribution calculated by fitting the sorption data shows that the volume of small pores, corresponding to the channels as described in the crystallographic section (<10 Å), is strongly reduced and the maximum is shifted to a lower value (5.5 Å), whereas the volume of larger pores remains nearly the same (Fig. 7) . These larger pores are probably related to crystal defects or intercrystalline cavities.
Magnetic studies
The magnetic measurements of CFA-5 are presented in Fig. 8 as the temperature dependence of the effective magnetic moment μ eff per asymmetric unit at 0.1 and 1.0 tesla. At 290 K, the effective moment of 1.37μ B (0.1 T; 1.35μ B at 1.0 T) reveals dominant strong antiferromagnetic exchange interactions within the compound since these moments are considerably smaller than the values expected for the two uncoupled Cu(II) centers (2.40-3.11μ B ). 30 Upon cooling, the effective moment steadily decreases to 0.34μ B (0.1 T; 0.32μ B at 1.0 T) at 2.0 K, further indicating antiferromagnetic exchange interactions. The μ eff curve exhibits a change in the curvature at approximately 45 K with a less steep slope at further decreasing temperatures indicating paramagnetic impurities or/and minor ferromagnetic exchange interactions within the compound. A rapid increase of χ m (not shown) by decreasing the temperature in this interval is in agreement with this observation. Because of the high symmetry of the compound and the known tendency of compounds consisting of multiple coupled Cu(II) centers to contain paramagnetic impurities, 31 the aforementioned explanation of this behaviour due to ferromagnetic interactions seems to be less probable. The dependence of the molar magnetization M m on the magnetic field B up to 5 T at 2.0 K is depicted in the inset of Fig. 8 . In this region, the magnetization is almost independent of the applied field and retains a value close to zero. Therefore, the ground state of the compound corresponds to an S = 0 state, i.e. singlet spin ground state.
Catalytic studies
Cu-MOFs mimicking copper-containing enzymes like pMMO should be able to catalyse direct oxidation of methane to methanol with molecular oxygen. However, since the binding energy of the C-H bond of methane is quite high (421 kJ mol −1 ), a catalyst is indispensable to open reaction pathways with low activation energies comparable to the enzymatic oxidation with pMMO. Currently, solid catalysts for selective oxidation of methane with molecular oxygen in the gas phase need high reaction temperatures of more than 200°C. These high temperatures favour total oxidation of methanol, which can be oxidised more easily than methane. Thus, for preliminary catalytic studies it is advisable to choose a substrate with an activated C-H bond like benzylic compounds, 13c e.g. oxidation of tetralin gives tetralol and tetralon as products (see Scheme 2). As shown in Scheme 2, there are two major mechanisms. One is the radical autoxidation mechanism proceeding via tetralin hydroperoxide as an intermediate which is decomposed into the products. The latter step is by far not as simple as shown in Scheme 2, because two different propagation cycles consuming tetralin hydroperoxide in bimolecular elementary steps are postulated. 32 The radical autoxidation can be enhanced by a catalyst through radical formation (initiation) and hydroperoxide decomposition (Haber-Weiss cycle). 33 The other mechanism is analogous to the enzymatic mono oxygenation through a proton driven formation of a high-valent metal-oxo species from molecular oxygen which oxygenates C-H bonds forming the corresponding alcohols. the pore window size is 5.04 Å and, thus, is smaller than the kinetic diameter of tetralin which is expected to be larger than 5.85 Å. 35 Since the narrowest channel diameter of CFA-5 is 4.5 Å, tetralin and tetralin hydroperoxide are also not expected to access the inner surface of the MOF. In the case of [Cu 3 (BTC) 2 ] the pore size is large enough (10.7 Å according to Schlichte et al.) 36 and the coordination at the free coordination site of the Cu paddlewheel structural motif indeed occur, but the calculated activation energy was not lower than the one for the gas phase. 35 Therefore, the inner surface of [Cu 3 (BTC) 2 ]
should not act as a catalyst. However, the DFT calculations 
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This journal is © The Royal Society of Chemistry 2014 showed that undercoordinated Cu clusters at the outer surface of Cu-MOFs should decompose tetralin hydroperoxide. 35 In Fig. 9 , the measured time dependence of the conversion of tetralin over time is shown for the three catalysts CFA-5, [Cu(2-pymo) 2 ] and [Cu 3 (BTC) 2 ]. All the three catalysts exhibit an induction period which is typical for the radical autoxidation mechanism (see Scheme 2, mechanism II). CFA-5 shows an activity very similar to that of [Cu(2-pymo) 2 ], but both catalysts display a significantly shorter induction period than [Cu 3 (BTC) 2 ]. Since we verified experimentally that no uncatalysed initiation of the reaction occurred, Cu at the outer surface of the MOFs seems to be an active site in the initial formation of tetralin radicals. Xamena et al. excluded leaching of copper.
13b By an optimized ICP-MS measurement procedure we could detect only 3.5 ppm Cu in the solution after 24 hours which corresponds to leaching of approx. 1.5% of Cu from the original Cu-MOF. Since Xamena et al. have shown that copper acetate corresponding to an assumed copper leaching of 10% gives a much slower increase of conversion over time, 13b we also assume that copper leaching is negligible. However, this will be investigated more deeply in future work. The observed induction period (see Fig. 9 ) is an indication for the radical autoxidation mechanism proceeding via tetralin hydroperoxide (THP) as an intermediate. As expected, the measured selectivities of THP are significant and reach more than 80% in the case of [Cu 3 (BTC) 2 ] (see Fig. 10 ). Surprisingly CFA-5 and [Cu(2-pymo) 2 ] show a different course of THP selectivity, because for these Cu-MOFs THP selectivity is not increasing, but decreasing with progressing time. Thus, the most likely explanation might be that CFA-5 and [Cu(2-pymo) 2 ] catalyse the decomposition of THP, whereas [Cu 3 (BTC) 2 ] is not able to do this. For further verification of this conclusion, a hot filtration test was performed after 6 h reaction time. As can be seen from Fig. 11 the reaction proceeds even after removal of the catalyst due to the radical autoxidation mechanism with an increasing selectivity to THP. This is a clear evidence that CFA-5 and [Cu(2-pymo) 2 ] catalyse the decomposition of THP whereas [Cu 3 (BTC) 2 ] does not. Since the course of conversion over time after 6 h is almost the same, irrespective of whether or not the catalyst is present (not shown), this allows the conclusion that all three catalysts do not catalyse the THP formation, if the initiation has been completed (which is evidently the case after 6 h).
To sum up, based on our catalytic studies and on the published knowledge 13b,35 a reaction mechanism can be proposed as shown in Fig. 12 :
• Initiation of radical THP formation by all the investigated Cu-MOFs.
• Heterogeneously catalyzed THP decomposition by CFA-5 and [Cu(2-pymo) 2 ].
Finally, due to the proposed mechanism as shown in Fig. 12 , it can be assumed that CFA-5 will be also an active catalyst for the oxidants H 2 O 2 or TBHO since it catalyzes the decomposition of hydroperoxide species. This is already known from other Cu-MOFs.
13a,c
Conclusions
The work reported here focuses on the synthesis and characterization of a novel metal-organic framework constructed from wheel-shaped dodecanuclear {Cu II ( pz)(OMe)} 12 coordi- placed in a microwave synthesizer (CEM, Discover S). The resulting mixture was heated to 140°C at 100 W for 30 min and cooled to room temperature. The colorless microcrystalline material was filtered off and washed with MeOH. Yield: 11 mg, 54% (based on H 2 -1,3-bdpb). This material exhibited the same analytical results as the ones obtained by the solvothermal method.
Single-crystal X-ray diffraction X-ray data for the single crystal structure determinations of H 2 -1,3-bdpb·MeOH, CFA-5 and CuCl(H 2 -1,3-bdpb) were collected on a Bruker D8 Venture diffractometer. Intensity measurements were performed using monochromated (doubly curved silicon crystal) MoKα radiation (0.71073 Å) from a sealed microfocus tube. Generator settings were 50 kV, 1 mA. Data collection temperature was −173°C. APEX2 software was used for preliminary determination of the unit cell. 38 Determination of integrated intensities and unit cell refinement were performed using SAINT. 39 The structures were solved and refined using the Bruker SHELXTL Software Package. 40 Selected crystal data and details of structure refinements for H 2 -1,3-bdpb·MeOH, CFA-5 and CuCl(H 2 -1,3-bdpb) are provided in 
Catalytic investigations
The method used to determine the catalytic activity is based on the work of Xamena et al. 13b Catalytic tests were carried out in a three-necked flask equipped with a reflux condenser and a gas inlet tube. Before each experiment, the glassware was passivated for a period of 12 h with 1 M aqueous sodium hydroxide solution, subsequently neutralized by rinsing with 1 M hydrochloric acid for 30 min and finally washed with demineralized water and dried at 80°C in an oven. With this passivation procedure, uncatalysed initiation of the reaction could be avoided. The reaction temperature was set to 90°C and the applied molar ratio of tetralin/metal was always 2000 : 1. 20 g of tetralin were used both as a solvent and a reactant. The required amount of catalyst was calculated from the previously mentioned ratio. Synthetic air at a flow rate of 0.5 mL s was used to analyze the reaction mixture. All samples were measured five times and the results were averaged. Peroxide concentration was determined by the TPP method. 41 In timeresolved experiments, small samples of the reaction solution were taken after 6, 24 and 30 hours. Conversion (X) of tetralin and selectivity (S) to tetralin hydroperoxide were calculated according to the following formulas:
X Tetralin ¼ n Tetralin;0 À n Tetralin n Tetralin;0 S THP ¼ n THP n Tetralin;0 À n Tetralin The sum of selectivities to THP, tetralol and tetralone was always larger than 95%. Thus, the consecutive oxidation of tetralol and tetralone was negligible and the carbon balance fulfilled.
